We present measurements of ferromagnetic-resonance -driven spin pumping and inverse spin- -2 , respectively. Furthermore, we have determined the spin-mixing conductance of the NbN/YIG interface to be 10 nm -2 . The experimental quantification of these spin transport parameters is an important step towards the development of superconducting spintronic devices involving NbN thin films.
Introduction
The extraction of key functional materials parameters associated with electron transport is important for the development of new solid-state device schemes as well as testing prototypes. In the field of spintronics, the spin Hall angle (θSH) represents the strength of spinHall effect (SHE) [1] that converts charge currents into spin currents via the relativistic spinorbit interaction. The spin diffusion length ( ) [2] is a parameter that describes the distance over which non-equilibrium spin currents can diffuse before dissipation and is crucial in determining the useful device dimensions of future spintronic applications. Moreover, the spin angular momentum transfer across a ferromagnetic (FM) and non-magnetic (NM) interface can be parameterised by the spin mixing conductance ( ↑↓ ) which governs the spin current generation efficiency in spin pumping processes [3] . These spin transport parameters can be determined by employing different measurement techniques. For example, it is possible to use lateral spin-valves to quantify and θSH in non-magnetic materials [4, 5, 6, 7] . Spin pumping [3, 8, 9] is another established method to investigate spin transport parameters in a variety of materials, such as metals [10] , inorganic [11, 12] and organic semiconductors [13, 14] , graphene [15] and topological insulators [16] . It should be noted that spin pumping relies on the transfer of angular momentum from a ferromagnet with precessing moments into an adjacent nonmagnetic layer, and does not suffer from the conductance mismatch problem which causes difficulties in electrical spin injection through ohmic contacts [11] . Using a FM conductor as spin injector in a spin pumping experiment can potentially give rise to microwave (MW)-induced photo-voltages [17] due to time-varying resistance changes produced by the magnetic precession coupled with a time-varying current, as well as the ISHE in the FM layers [18, 19] .
The use of FM insulators such as Y3Fe5O12 (YIG) to conduct spin pumping experiments has the advantage because these effects are negated. In addition, YIG has a low bulk Gilbert damping constant (α ≃ 6.7 × 10 −5 ) and a high Curie temperature (TC = 560 K), enabling efficient spin pumping at room temperature (RT) [20] .
In this paper, we report spin pumping in thin-film YIG/NbN bilayers with the aim of extracting multiple spin transport parameters of NbN thin films in the normal state. NbN is a key material for superconducting (SC) spintronics [21] with a bulk TC of approximately 16.5 K, a SC energy gap of 2.5 meV, and a SC coherence length of 5 nm [22] . NbN is increasingly used in the field of SC spintronics, for example in spin-filter Josephson junctions [23, 24, 25] and to demonstrate spectroscopic evidence for odd frequency (spin-triplet) superconductivity at the interface with GdN [26] . Recently, Wakamura et al. observed an unprecedented enhancement of the SHE at 2K, interpreted in terms of quasiparticle mediated transport [27] .
Quasiparticle spin transport has also been investigated by spin pumping and by monitoring the spin Seebeck effect [28, 29] . To the best of our knowledge, spin transport parameters in NbN such as and θSH have only been extracted by Wakamura et al. [27] by the spin absorption method in lateral spin-valves, and it is vitally important to extract these parameters also by other characterisation techniques and with NbN grown by different growth methods. This can, for example, help to understand whether spin transport parameters in NbN have a significant dependence on the growth conditions. In our study, by using high-quality epitaxial thin-film YIG it is possible to observe a modulation of the Gilbert damping constant (α) with NbN thickness and therefore extract of NbN (14 nm) we will then be able to understand the fundamental nature of SHE and spin transport in NbN which can be useful and transferable to future spintronics research using SC NbN [21, 30] .
Material growth
Epitaxial YIG thin films are grown on (111)-oriented GGG single crystal substrates by pulse laser deposition (PLD) in an ultra-high vacuum chamber (UHV) with a base pressure better than 5×10 -7 mbar. Prior to film growth, the GGG substrate are ultrasonically cleaned by acetone and isopropyl alcohol and annealed ex-situ at 1000 
Ferromagnetic resonance (FMR) setup and spin pumping measurements
modulation technique as illustrated in Fig. 2(a) . The samples are placed face down on top of the CPWs where an insulator tape is used for electrical insulation. We generate dc (H) and ac (hac) magnetic fields by electromagnets and the absorbed power at the modulation frequency is measured by a MW power detector and a lock-in amplifier while H is swept. An input MW power (PMW) of 100 mW is used unless otherwise is stated. We kept the modulation field amplitude (hac) smaller than the measured FMR linewidths of all samples tested, in order to avoid artefacts by strong modulation. The magnetic field is applied along different in-plane and out-of-plane directions related to the samples as shown in Fig. 2(a) . The FMR absorption (VP) was measured using a MW power detector for different frequencies typically ranging from 2-12GHz as depicted in Fig. 2 Fig. 3(a) . With a linear fit to the data for each thickness using ΔH =ΔH0 + (4πα/γ)f where ΔH0 and γ describe the inhomogeneous broadening and the gyromagnetic ratio respectively, we have quantified α for each sample as shown in Fig. 3(b) . α = (5.4 ± 0.2) × 10 −4 was obtained for bare YIG, which compares well to previously reported values [34, 35] . A gradual increase of α is observed with increasing NbN thickness, in agreement with spin pumping through the YIG/NbN interface where the α dependence with tNbN is given by [36] :
Here, α0 is the Gilbert damping constant for tNbN= 0 nm and the second term represents the damping enhancement by spin pumping into NbN; is the free electron Landé factor which is assumed equal to 2, ↑↓ is the effective real-part spin-mixing conductance across the NbN/YIG interface; is the resistivity of NbN which was measured for each sample [see inset of Fig by Wakamura et al. [27] using the spin-absorption method in lateral spin-valve devices. We also found that the spin coupling of NbN/YIG is as good as heavy-metals/YIG interfaces since ↑↓ is comparable to those of YIG/Pt, YIG/Ta and YIG/W [35] . We note from analytic calculations (Appendix B) that the additional damping expected from eddy currents cannot explain the observed NbN thickness dependence of α.
We now discuss the ISHE voltage (VISHE) measurements. In Figs is to include the thickness dependence of allowing to fit the data points based on bare NbN as well as those of the YIG/NbN bi-layers. In addition, this analysis can display the asymptotic behaviour of the data/fit-curves towards the long thickness limit. The in-plane symmetry re-confirms that spin rectification effects are not a dominant mechanism in our measurements since in this case a higher order sin 2θ component is expected in the voltage symmetry [17] . We also measured the out-of-plane angular dependence of * as shown in Following this approach and by using =14 nm as extracted from the thickness dependence of damping modulation, we calculated = 3.6-5.9 ps which is a fair agreement between the two different extraction methods.
In the following section, the SH of NbN is determined from the thickness dependence of * as shown in Fig. 7 . Using the spin transport parameters discussed above and Eq. (3) As a final remark, we also performed FMR measurements as a function of temperature to determining the low-temperature spin-pumping properties of NbN through the SC Tc. However, a significant increase of magnetic damping was observed as the temperature was lowered (this behaviour is summarised in Appendix C). This enhanced damping complicated the investigation of VISHE across the SC Tc.
Conclusions
We determined the spin transport parameters of polycrystalline NbN thin-films by the spin pumping technique using epitaxial YIG thin-films at RT. We observe a modification of the YIG 
Appendix A: Derivation of FMR fit curves
In normal dc FMR analysis, the measured dc voltage can be decomposed into symmetric and anti-symmetric Lorentzian functions with respect to μ0Hres, with weights of Asym and Aasy respectively, where combined lead to the following general power absorption expression [which is applicable both for FMR absorption (Vp) and ISHE voltage (VISHE)]:
where V0 is a background voltage. The first term gives the symmetric lineshape and the second term produces the anti-symmetric one. For FMR measurements based on ac magnetic-field modulation, where an additional pair of coils on electromagnets provide small ac magnetic field, Pac has the following relationship with Pdc.
where, hac is the amplitude of ac magnetic field modulation. With these two equations, we can calculate as:
This equation was used to fit the ac field modulated signals, both Vp and VISHE, in our study.
The first term gives now the anti-symmetric lineshape and the second term produces the distorted symmetric one. Figure 8 (a) and (b) display typical FMR data together with best fit curves using Eq. (4) and (6), respectively, with corresponding extracted parameters presented in Fig 8 as legends. We also checked that there was no experimental artifact by doing our ac experiments, by directly confirming that ac (Fig. 8a) and dc ( Fig. 8b ) measurements for the same experimental conditions generate the same fit parameters.
Appendix B: A simplified model for the eddy-current damping
We consider a slab of magnet containing a chain of distributed magnetic moments m as shown in Fig 9(a) . In order to model the eddy-current damping in NbN, we first calculate the magnetic flux at point P where the distance between the point and the slab is x (Fig 9a) . We can estimate the magnetic field at point P generated by a moment at (0, y) using the Biot-Savart law, as:
where 0 is the permeability of free space. We assume that the length of the chain is infinitely long, which is a valid assumption by taking in consideration that the film thickness is much shorter than the sample lateral dimensions. By integrating the contribution of the individual moments, we calculate the total magnetic field as: 
For the definition of the integration region, we assume that the chain of the magnetic moments is located at the centre of the YIG film.
After estimating the magnetic flux, we can calculate the radiative dissipation power P as:
Here is the impedance of the NbN film and for simplification we assume that the real part (resistance) dominates, meaning that ≈ = ( / ). Using the total nonequilibrium magnon energy generated during the experiments as ħ (here, is the number of the non-equilibrium magnons and V is the volume of YIG), we can express the rate of energy dissipation being:
Finally, the damping component caused by eddy currents generated by the time-dependent flux change can be given by:
As this model is a simplified one, we only discuss qualitatively. In particular, we can extract the NbN thickness dependence of by using this expression and find that it is proportional to (
. We plot the dependence in Fig. 9 (b) which indicates that the damping based on this mechanism should monotonically increase with thickness. However, this trend is different from what we experimentally observed, where becomes constant for the larger thickness limit. This suggest that the damping mechanism through the eddy current in the NbN layers is not significant and can be neglected for the examined NbN thicknesses.
Moreover, in the work by Flovik et al. [45] they discuss the eddy current effect on the lineshape of the FMR spectrum. They showed that when eddy currents exist in an FM/NM bi-layer, the FMR lineshape can be significantly affected, varying from a pure symmetric shape to a mixture of symmetric and anti-symmetric ones. Experimentally, we have not observed strong component, suggesting that the eddy current in our NbN film does not play a significant role in our measurements. In addition, similar eddy current and radiative damping mechanisms has also been discussed by Schoen et al. [46] . They demonstrated that when their sample is placed 100 μm away from the waveguide, radiative damping with the waveguide is largely supressed.
Since we also inserted an insulating tape between our samples and the waveguide, we believe that the radiative damping is minor in our experiments. Furthermore, Qaid et al. [47] reported that although eddy-current damping can be observed in a weak spin-orbit material (in their case a conducting polymer), this is not the case for a high spin orbit metal (Pt). For instance, they
showed that the damping enhancement in a YIG/Pt structure can still be dominated by the spinpumping effect in Pt. Since our NbN is a sufficiently high spin-orbit material, we believe that the eddy-current component is much smaller (an order of magnitude at least) than that of spinpumping into NbN.
Appendix C: Low temperature measurements of spin pumping in NbN/YIG samples
It is widely reported that YIG thin-films tend to show significant temperature dependent magnetic damping [32, 33, 48, 49] , where the superb damping character at RT is lost when the films are cooled to lower temperatures. The origin of this remains under debate but enhanced low temperature two-magnon scattering (due to interfacial defects in ultrathin films) [32] in combination with rare-earth or Fe 2+ impurity scattering [50, 51] are likely mechanisms. Jermain et al. [33] discuss that, if the FMR linewidth has a peaked temperature-dependence that dominates over the proportionality expected with MS(T) increase, impurity scattering is the more likely mechanism. Although the nature of the impurities remains ambiguous, other reports of the high frequency characterisation of PLD-grown and sputtered YIG thin films have pointed out the likely significance of Gd 3+ diffusion from the GGG substrate [52, 53, 54] .
Our own extensive FMR measurements of bare YIG on GGG (of comparable thicknesses) [55] show that, when Gd 3+ impurities are concentrated in a thin (1-5 nm) layer near the substrate interface, they form a ferromagnetic sublattice that, as its moment increases at low temperatures, opposes the net YIG magnetisation [50, 56] , and also introduces magnetic disorder and additional damping channels that dominate the film's FMR response.
Here we describe the low-temperature characterisations of our YIG/NbN samples. as shown in Fig. 10(a) . The FMR spectrum at 3K can be extracted by taking multiple scans to improve the signal to noise ratio through data averaging. Figure 10 The unit of the eddy-current damping is arbitrary in order to discuss them qualitatively. The thickness dependence is clearly different from our experimental results in Fig. 3(b) , suggesting that this damping mechanism is not significant in our experiments. 
